Escherichia coli is a commensal of birds and mammals, including humans. It can act as an 24 opportunistic pathogen and is also found in water and sediments. Since most population 25 studies have focused on clinical isolates, we studied the phylogeny, genetic diversification, 26 and habitat-association of 1,294 isolates representative of the phylogenetic diversity of more 27 than 5,000, mostly non-clinical, isolates originating from humans, poultry, wild animals and 28 water sampled from the Australian continent. These strains represent the species diversity 29 and show large variations in gene repertoires within sequence types. Recent gene transfer is 30 driven by mobile elements and determined by habitat sharing and by phylogroup 31 membership, suggesting that gene flow reinforces the association of certain genetic 32 backgrounds with specific habitats. The phylogroups with smallest genomes had the highest 33 rates of gene repertoire diversification and fewer but more diverse mobile genetic elements, 34 suggesting that smaller genomes are associated with higher, not lower, turnover of genetic 35 information. Many of these small genomes were in freshwater isolates suggesting that some 36 lineages are specifically adapted to this environment. Altogether, these data contribute to 37 explain why epidemiological clones tend to emerge from specific phylogenetic groups in the 38 presence of pervasive horizontal gene transfer across the species. 39 40 circulation of strains and the high plasticity of their genomes have not erased the 68 associations of certain clades with certain isolation sources. In consequence, such 69 associations might reflect local adaptation 16,45 , which would suggest frequent genetic 70 interactions between the novel adaptive changes and the strains' genomic background.
Introduction 41
The integration of epidemiology and genomics has greatly contributed to our understanding 42 of the population genetics of epidemic clones of pathogenic bacteria. However, the forces 43 driving the emergence of these lineages in species where most clades are dominated by homoplasic. They also show extensive variation of gene repertoires within STs. The gene 160 repertoire relatedness (GRR) between genomes (see Methods) decreases very rapidly with 161 phylogenetic distance for closely related strains, as revealed by spline fits (Fig. 1d ). Similar 162 results were observed when removing singletons, which only account for on average 0.5% of 163 the genes in genomes, suggesting that this result is not due to annotation or sequencing 164 errors ( Supplementary Fig. 6 ). As a consequence, 85% of the intra-ST comparisons have a 165 GRR lower than 95% (corresponding to ~235 gene differences per genome pair), and some 166 as little as 77% (Fig. 1f ). Hence, even genomes of the same ST can differ substantially in the 167 sequence of other persistent genes and in the overall gene repertoires.
169
To check if the dataset is representative of the species and can be used to assess its 170 diversity, we compared it with the ECOR collection 48 and the complete genomes available in 171 RefSeq (Materials). All datasets had similar nucleotide diversity ( Supplementary Fig. 5a and 172 Supplementary Table 1 ). Using rarefied datasets, to compare sets of same size, ours had the 173 largest pan-genome, partly because of a larger number of singletons ( Supplementary Fig.   174 5b-d). Our dataset also had the highest a-diversity for the three typing schemes (STs, O-, H-175 serotypes, Supplementary Table 1 ). Since the gene repertoire diversity of E. coli in Australia 176 is at least as high as that of ECOR and RefSeq, we studied the variation in gene repertoires 177 beyond the intra-ST level. After the rapid initial drop in GRR described above, the values of 178 this variable decrease linearly with phylogenetic distances (Fig. 1d ). The average values of 179 GRR given by the regression vary between 90% for very close genomes and 80% for the 180 most distant ones. The variance around the regression line is constant and a spline fit shows 181 few deviations around the regression line. This is consistent with a model where initial 182 divergence in gene repertoires is driven by rapid turnover of novel genes. After this initial 183 process, divergence in gene repertoires increases linearly with patristic distance.
Phylogroups vary in the rates of gene repertoire diversification 185
We used the species phylogeny to study the associations between phylogroups and genetic 186 diversity ( Fig. 2a ). The tree showed seven main phylogenetic groups very clearly separated 187 by nodes with 100% bootstrap support. The 17 phylogroup C strains were all included within 188 the B1 phylogroup and were thus grouped with the latter in this study. For the rest, the 189 analysis showed a good correspondence between the assignment into the known 190 phylogroups -A, B1, B2, D, E, F, and G -and the different clades of this tree. In line with the 191 literature 40 , four major phylogroups were very abundant -A (24% of the dataset), B1 (24%), 192 B2 (25%) and D (14%) -whereas the others were rarer. The nucleotide diversity of the 193 phylogroups is very dependent on their phylogenetic structure, since some clades have more 194 closely related clusters of strains than others ( Supplementary Fig. 7 ). Nevertheless, 195 nucleotide diversity, patristic distances, and Mash distances revealed similar trends: the 196 phylogroup D exhibited the highest genetic diversity, followed by F, E, and then by the most 197 abundant groups -A, B1 and B2 -which all have similar levels of diversity (Supplementary 198 Fig. 7 ). The phylogroup G was the least diverse, but it is also poorly represented in our 199 dataset (33 genomes from three STs). Overall, genetic diversity is proportional to the depth 200 of the phylogroup, i.e. the average tip-to-MRCA distance, except for phylogroup F which is 201 more diverse than expected (Fig. 2b) . These results suggest that genetic diversity varies 202 between phylogroups and that within phylogroups it is strongly affected by the time of 
214
Association between the rarefied pan-and persistent-genomes in each phylogroup. We used 1,000 215 permutations (genomes orderings) of 50 randomly selected genomes (rarefied datasets) to compute 216 the pan-and the persistent-genomes in each phylogroup (ignoring the G group), and then averaged 
223
The sets of genomes of each phylogroup have large and open pan-genomes 224 ( Supplementary Fig. 8 and Supplementary Table 2 ). The sizes of these pan-genomes differ 225 widely across phylogroups and are partly correlated to the number of genomes in the 226 phylogroup, explaining why the phylogroup G has the smallest pan-genome (Supplementary 227 Fig. 8 ). To control for the effect of sample size, we computed pan-genomes from 1,000 228 random samples of 50 genomes for each phylogroup (ignoring the few strains of the G 229 phylogroup, Fig. 2c and Supplementary Table 2 ). This revealed larger pan-genomes for 230 phylogroups A, D, and B1 followed by E, B2 and F. Intriguingly, the larger the pan-genome of a phylogroup, the smaller the fraction of its genes that are part of the persistent genome ( Fig.   232 2c). This suggests that differences of pan-genome sizes across phylogroups are caused by 233 different rates of gene turnover in certain phylogroups. They affect all types of genes, even 234 those at high frequency in the species.
236
To quantify the similarities in gene repertoires, we analyzed the GRR values between 237 phylogroups. The smallest values were observed when comparing B2 strains with the rest 238 ( Supplementary Fig. 10 ). Accordingly, a principal component analysis of the 239 presence/absence matrix of the pan-genome shows a first axis (accounting for 23.6% of the 240 variance) clearly separating the B2 from the other phylogroups ( Fig. 2d ). This shows that 241 gene repertoires of B2 strains are the most distinct from the other groups, even if B2 is not a 242 basal clade in the species tree. Hence, phylogroups differ in terms of their gene repertoires 243 and in their rates of genetic diversification.
244

Mobile genetic elements drive rapid initial turnover of gene repertoires 245
Different mechanisms can drive the rapid initial diversification of gene repertoires. Mobile 246 genetic elements encoding the mechanisms for transmission between genomes (using 247 virions or conjugation) or within genomes (insertion sequences, integron cassettes) are 248 known to transfer at high rates and be rapidly lost 49-51 . We detected prophages using 249 VirSorter 52 , plasmids using PlaScope 53 , and conjugative systems using ConjScan 54 250 ( Supplementary Figs. 11-13 ). These analyses have the caveat that some mobile elements 251 may be split in different contigs, resulting in missed and/or artificially split elements. This is 252 probably more frequent in the case of plasmids, since they tend to have many repeated 253 elements 55 . Only two genomes lacked identifiable prophages and only 9% lacked plasmid 254 contigs. We identified 929 conjugative systems, with some genomes containing up to seven, 255 most often of type MPFF, the type present in the F plasmid. On average, prophages 256 accounted for 5% and plasmids for 3% of the genomes (Fig. 3a ). Together they account for 257 more than a third of the pan-genomes of each phylogroup. We also searched for elements capable of mobilizing genes within genomes: Insertion Sequences, with ISfinder 56 , and 259 Integrons, with IntegronFinder 57 . Even if ISs are often lost during sequence assembly, some 260 genomes had up to 152 identifiable ISs representing ~1% of the genome ( Fig. 3a and 261 Supplementary Fig. 13 ). A fourth of the ISs were in plasmids and very few were within 262 prophages. We found integron integrases in 14% of the genomes, usually in a single copy. It 263 is interesting to note that even if the frequency of each type of MGE varies across strains, 264 each of them is strongly correlated with the frequency of the other elements ( Fig. 3b ). Hence, 265 the typical E. coli genome has at least one transposable element, a prophage and a plasmid, 266 the key tools to move genes between and within genomes. When genomes are enriched in 267 one type of MGE, they tend to get simultaneously enriched in the remaining MGEs. 
290
What is the effect of these MGEs in the dynamics of E. coli genomes? First, the acquisition of 291 MGEs affects the size of the genome. Those identified in this study account for ~8% of the 292 genome size ( Fig. 3c and Supplementary Fig. 14) . Accordingly, the number of genes 293 associated with MGEs was strongly correlated with genome size for every type of element 294 ( 
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Is the distribution of MGEs associated with phylogroups leading to preferential paths of gene 306 transfer? It has been suggested that homologous recombination is much rarer between than 307 within phylogroups 18 . To test if this applies to the transfer of MGEs, we analyzed the 308 distribution of the pan-genome gene families that are part of MGEs (excluding singletons, for 309 the separate analysis of prophages and plasmids, see Supplementary Fig. 15 ). Even if these genes are at low frequency in the pan-genome and are observed in a single phylogroup 311 more often than expected by chance (Z-score>20, see Methods), 75% of the phage and 312 plasmid gene families were found in more than one phylogroup and 8% were found in all 313 phylogroups (usually at low frequency, Fig. 3d ). Accordingly, the number of gene families 314 present in two to six phylogroups is barely lower, even if significantly so, than expected by 315 chance. These results suggest that there is frequent transfer of MGEs across the different 316 phylogroups. To test this hypothesis more precisely, we used Count to infer gene gain and 317 loss events in the phylogenetic tree of the species (see Methods). We found that half of the the full and rarefied datasets, both ANOM tests, P<10 -3 ), i.e. they encode fewer but more 331 diverse MGEs. Furthermore, the phylogroups A and B1, in spite of having among the most 332 recent common ancestors of the phylogroups (Fig. 2b) , have the largest pan-genomes, the 333 smallest persistent genomes, and the largest diversity of STs, and serotypes ( Fig. 3e , in both 334 the full and rarefied datasets, cols 4,5,9,10, ANOM tests, P<10 -3 ). This intriguing pattern 335 suggests that the smallest genomes have the highest turnover of genes, not the lower rates 336 of transfer. To test this hypothesis, we took the quantification of gene gains and losses at the terminal branches of the species tree and computed the number of these events per 338 phylogroup. We found that phylogroups A and B1 have the highest number of gene gains 339 and losses per terminal branch ( Fig. 3e , cols 6-7). In parallel, we quantified the number of 340 recently acquired (terminal branches) gene pairs (co-gains) from the same gene family within 341 a phylogroup ( Fig. 3e , col 8) and between phylogroups (see Methods, Fig. 3f ). The results
342
were represented as a graph where the edges represent significantly fewer (dashed lines) or 343 higher (solid lines) number of co-gains than expected by chance. We found that phylogroup 344 B1 has significantly more co-gains of genes with other phylogroups than expected, while the 345 inverse was observed for phylogroup B2. We reached similar results when considering only 346 the co-gains associated with MGEs ( Supplementary Fig. 15 ). These results are consistent 347 with the separation of the B2 phylogroup from the others in the PCA analysis ( Fig. 2d ). They
348
show that such separation is due to lower rates of transfer in B2, which leads to fewer co-349 gains within the phylogroup and between this and the other phylogroups. In summary, 
360
How much of the variability in gene repertoires is explained by the source of isolation of the 361 strains? Genome sizes vary significantly across isolation sources. Strains isolated from 362 poultry meat had the largest average genomes, followed by ExPEC strains. In contrast, 363 strains from wild birds' feces and freshwater had the smallest genomes ( Fig. 2a and Fig. 4c , col 1, ANOM tests, P<10 -3 ). We showed above that genome size also varies across 365 phylogroups. To understand the relative role of the two variables, isolation source and 366 phylogroup, we made two complementary analyses. First, we compared the genome size of 367 strains from different sources within each phylogroup. Even if the statistical power was 368 sometimes low, this revealed trends similar to the ones observed across phylogroups 369 ( Supplementary Fig. 17 ). Second, we used stepwise multiple regressions to assess the 370 effects of phylogroup and the strains' source on its genome size. Both variables contributed 371 significantly, and in almost equal parts, to the statistical model and together explained 36% of 372 the variance (R 2 =0.36; P<10 -4 , Supplementary Table 3 ). We found similar results after 373 removing MGE-associated genes ( Fig. 4d and Supplementary Table 4 ). We conclude that 374 both isolation source and phylogroup are equally associated with genome size. 
394
Adaptation to a habitat depends on HGT, which is driven by MGEs. Hence, we studied the 395 distribution of MGEs in relation to isolation sources. There are fewer MGE-associated genes 396 in strains isolated from freshwater and wild birds' feces, which have smaller genome sizes, 397 and more in strains from ExPEC and poultry meat ( Fig. 4c , col 2, ANOM tests, P<10 -3 , and 398 Supplementary Table 5 ). We observed similar trends within each phylogroup even if the 399 statistical power was low ( Supplementary Fig. 17 ). The analysis of the relative contribution of 400 phylogroups and isolation sources to the number of MGE-associated genes showed that the 401 source of the strain accounted for the vast majority of the explained variance (90%, full 402 model: R 2 =0.19; P<10 -4 , Fig. 4d and Supplementary Table 6 ). Accordingly, the number of 403 MGE-associated gene families specific to a given source was higher than expected (Z-404 score >17, Supplementary Fig. 15 ), and nearly one third of these source-specific families 405 were observed in multiple phylogroups. When we focused on the number of co-occurring 406 recently acquired gene pairs (encoding for MGE or not), we found that they are more 407 frequent within most of the isolation sources than expected by chance ( Fig. 4c , col 15, see 408 Methods). These results suggest that the contribution of MGEs to genome size is primarily 409 driven by isolate source rather than phylogroup membership.
411
The previous result could arise from preferential co-gains of MGEs in an isolation source 412 relative to a phylogroup. To test this hypothesis, we used the results from Count and built a 413 matrix where for each gene family we indicate the acquisition or not of a gene in a terminal branch of the phylogenetic tree. We then compared the clustering of these recent 415 acquisitions by phylogroup and by isolation source using Shannon indexes (see Methods). If 416 the hypothesis is correct, we expected higher clustering (lower diversity) across sources than 417 across phylogroups. We observed slightly higher clustering across phylogroups than across 418 sources, both for MGE-associated and for the other genes ( Fig. 4e ). We conclude that the 419 contribution of MGEs to genome size depends largely on the isolation source but that this 420 does not reflect systematic co-gains of MGEs in the same source.
422
It is tempting to speculate that the association between the number of MGE-associated 423 genes and isolation sources reflects selection for the acquisition of locally adaptive functions 424 transferred by these MGEs. To test this, we searched for the presence of antibiotic 425 resistance genes (ARGs) in our dataset using the reference databases. Many of these ARGs 426 were in integrons (~3 per integron), which is well documented 58 , and genomes carrying 427 integrons had more ARGs than the others (Wilcoxon test, P<10 -4 , Supplementary Fig. 18 ).
428
Expectedly, integrons and ARGs were more prevalent in ExPEC and in poultry meat isolates 429 ( Fig. 4c , cols 7-8) and Supplementary Table 5 ). Similar results were observed in the 430 analyses at the level of each phylogroup ( Supplementary Fig. 18 ). The clear association of Fig. 4c, col 9 ). While VFs are more concentrated in phylogroups B2, D, E and F (ANOM test, P<10 -2 ) as previously shown 37 , the trends regarding isolation sources are 442 conserved within each phylogroup ( Supplementary Fig. 19 ). In particular, within phylogroup 443 B2, only human strains have a significantly higher average number of VFs (Supplementary 444 Fig. 19 ) reinforcing previous results 26 . We also analyzed colicin gene clusters, which are 445 agents of bacterial antagonistic competition and are often encoded in plasmids 59 . The 446 average number of colicins identified using BAGEL3 60 (some of which are also included in 447 VFDB) depends on the phylogroup of the strain, from an average of 2.8 genes in B2 strains 448 to 0.4 in B1 strains. Interestingly, the water isolates have the fewest colicin genes,
449
presumably because free diffusion of these proteins in water makes them inefficient tools of 450 bacterial competition (Fig. 4c, col 10 and Supplementary Fig. 19 ). Thus, local adaptations Supplementary Fig. 17 ). Importantly, these strains show average pan-genome sizes in the 466 rarefied dataset, suggesting that adaptation is not exclusively due to genome reduction ( Fig.   467 4c, col 11). This is also supported by the high number of gains and losses observed (Fig. 4c,   468 cols 13,14), although these genomes have the fewest MGEs and often lack plasmids (Fig. 4c , cols 2-6). Consistent with adaptation to this habitat, they have the smallest number of 470 antibiotic resistance genes, virulence factors, and bacteriocins ( Fig. 4d , cols 7-10) and 471 Supplementary Fig. 18,19) . In contrast, these strains show the highest diversity of STs and 472 O:H serotypes (Fig. 4c, cols 16 ,17, and Supplementary Table 5 ). The extreme genomic traits 473 of isolates from water strongly suggest they are not the result of recent fecal contamination 474 from other sources. Instead, they strongly suggest that these strains have changed to adapt 475 to water environments. If so, this seems to have involved extensive horizontal gene transfer 476 concomitant with streamlining, i.e. a high turnover of gene repertoires that resulted in 477 genomes smaller than the average. 
503
We started our study by quantifying gene repertoire diversification, which we found to follow 504 a two-step dynamics. The very rapid initial diversification, where GRR quickly decreases to 505 ~90%, implicates substantial heterogeneity in terms of gene repertoires for strains that are from the same sequence type and are almost identical in the sequence of persistent genes.
507
Some of this divergence may be due to genome sequencing or assembling artifacts 508 producing singletons and thus inflating pan-genomes. Yet, we have annotated all genomes in 509 the same way. We also confirmed key results by excluding singletons, and showed that 510 singletons represent only ~0.5% of a typical genome and that many of them have homologs 511 in the databases. The frequency of singletons is only weakly correlated with the number of 512 contigs in draft assemblies, a further sign that they are not just caused by sequencing or 513 assembly issues (Supplementary Notes). Furthermore, our analysis of ancestral genomes 514 showed that a large fraction of well-known MGEs, including phages, ISs and plasmids, were 515 acquired very recently (inferred acquisition at the terminal branches of the phylogenetic tree).
516
Some of these are singletons, whereas others are present across many phylogroups. They 517 contribute directly to the rapid divergence of gene repertoires between separating lineages.
518
Previous population genetics models applied to other clades observed the existence of 519 genes that have rapid turnovers in genes 76,77 . Our results show that frequent acquisition of 520 MGEs drives rapid diversification of gene repertoires even between strains that are almost 521 indistinguishable by classical typing schemes.
523
Following the abrupt initial loss of GRR between diverging lineages, we observed that the 524 similarity of gene repertoires decreases linearly with time. Hence, it does not follow the 525 negative exponential distribution that we proposed a decade ago 42 , which was based on a 526 very small set of genomes that precluded the identification of the change of dynamics at should be placed in this context, it shows that this particular phylogroup has many MGEs and 545 large genomes, but is recently exchanging less genetic material with strains from its own and 546 from other phylogroups. This has placed it apart from the other phylogroups in terms of gene 547 repertoires and in terms of preferential habitats.
549
The rapid evolution of gene repertoires by HGT is consistent with the observation that 550 plasmids, prophages and ISs are almost ubiquitous among E. coli. These elements 551 contribute to the genome size and especially to its variability across strains, which supports 552 our previous results 50, 85 . While most MGEs are quickly lost from lineages, or drive the lineage 553 extinct, the large influx of such elements can bring adaptive accessory traits such as 554 antibiotic resistance genes 71 and virulence factors 86, 87 . They also pave the way for cooption 555 processes 88 . The contribution of the MGE genes to genome size across the species is more 556 strongly associated with the isolation source of the strains than with the phylogroup. However, 557 the recent co-acquisition of MGEs by different strains is also associated with the phylogroup.
558
This is consistent with a scenario where the abundance of MGEs in a genome is strongly 559 dependent on the habitat, but their diversity also depends on the phylogroup. Since most MGE genes arrived in the genome very recently, this suggests that habitat exerts a strong 561 constrain on the flow of gene exchanges across E. coli strains, in line with the view that 562 bacteria exchange more genes with those they coinhabit 89,90 .
564
The need of favorable genetic backgrounds for certain local adaptation processes could 565 explain the observed over-representation of some phylogroups in certain isolation sources. 
579
Genetic diversity, created by HGT, recombination, or mutation, affects a species' ability to 580 adapt to novel ecological opportunities. The higher the diversity of gene repertoires in a 581 population, the more likely that one of those genes will prove helpful in the face of 582 environmental challenges such as antibiotics. We observed that the generalist phylogroups, 583 such as A and B1, have broader pan-genomes than specialist phylogroups like B2. This was 584 not expected based on their smaller genome sizes or the lower frequency of MGEs in their 585 genomes. We propose that this reflects the high variability of the environments where they 586 circulate and the consequent diversity of local adaptation processes. Phylogroup B2 strains, by comparison, have developed very specific traits that may let them take advantage of 588 some particular resources, e.g. they are better adapted to mammal gut environment 2 . This 589 has resulted in large genomes that have diverged more from the other E. coli, as revealed by 590 the PCA analysis, but that are overall more conserved (largest persistent-genome, smaller 591 pan-genomes, fewer recent gene acquisitions). Altogether, these results suggest that the 592 habitat and the phylogenetic structure jointly determine the size of genomes. The results also 593 suggest the hypothesis that the large genomes of some phylogroups, like B2, are caused by 594 a relative decrease in the rate of gene loss, not by an increase in the rate of gene gain.
596
The integration of information on gene repertoires and population structure in strains 597 sampled from diverse sources can shed light on the origin of environmental strains. This is 598 illustrated by the identification of genomic traits in freshwater E. coli isolates that are very 599 different from the average traits of the species and that suggest adaptation of certain 600 lineages to this environment. For bacteria, freshwater environments are much more nutrient 601 poor than the guts of endotherms, and it's interesting to note that strains associated with this 602 environment have more streamlined genomes. This may represent at the micro-evolutionary 603 scale, an adaptation similar to that observed in other bacteria adapted to poor nutrient 604 environments that have small genomes and few MGEs 91,92 . These results are also consistent 605 with recent studies showing that E. coli B1 strains can persist longer in water than strains of 606 the other phylogroups, and that B1 persistent strains in water often encode very few 607 virulence factors and antibiotic resistance genes 7,33,34 . Interestingly these strains have been 608 shown to be able to grow at low temperatures 7 . The prevalence of B1 isolates has been 609 observed in other environmental samples, such as drinking water or plants 93 . The 
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The accession number of each genome is reported in Supplementary Dataset1.
644
Datasets: We used 4 datasets in this study. (1) The Australian dataset described above is 645 the main dataset. (2) RefSeq dataset: We retrieved 370 E. coli complete genomes from indicating that the pan-genomes size depend on the number of genomes analyzed. Thus, to 731 compare genetic diversity across datasets (e.g. phylogroups), we rarefied the genome 732 datasets, i.e., each pan-genome was constructed with the same number of genomes in each 733 comparison. To do this, 1,000 subsets of X genomes (X depending on the analysis, specified 734 in the results section) were randomly selected for comparison in each group, resulting to 735 datasets called hereafter rarefied datasets ( Supplementary Fig. 8 ).
737
Identification of persistent-genomes: Gene families that are persistent were taken from 738 the analysis of pan-genomes. A gene family was considered as persistent when it was 739 present in a single copy in at least 99% of the genomes. We found 2,486 persistent gene 
781
The phylogenetic tree of Escherichia genus was inferred from the persistent-genome 782 obtained with the 87 outgroup genomes and the 100 E. coli reference genomes (see above) 783 using the same procedure as the species tree. In this case, the persistent-genome is 784 composed of 1,589 proteins families, and the resulting alignment of 1,469,523 bp. The genus 785 phylogenetic tree was extremely well supported: all nodes had bootstrap support higher than 95%. Its topology was consistent with a previous study 110 ( Supplementary Fig. 3c ). Then, we 787 used it to precisely root the species tree ( Supplementary Fig. 3d ).
788
The most recent common ancestor of each phylogroup: We identified the node 
811
Jaccard index between two genomes was defined as the number of common gene families 812 (the intersection) divided by the number of gene families in both (the union). The Jaccard 813 index between two genomes describes their degree of overlap with respect to gene family content. If the Jaccard distance is 1, the two genomes contain identical protein families. If it is 815 0 the two genomes are non-overlapping.
816
To characterize the genetic diversification of each phylogroup of the Australian dataset, we 817 computed the three different standard indexes: the GRR, the Jaccard, and the Manhattan 818 indexes. All these indexes were highly correlated ( Supplementary Fig. 9 ). Thus, only 819 analyses with GRR were reported and illustrated in the main text. Note that we always used 820 the matrix of presence/absence of gene families to compute all these indexes, meaning that 821 multiple occurrences were not considered. This downplays the impact of IS on pan-genome 822 size and makes more conservative estimates of GRR divergence. 
836
the expected total number of recent acquisitions (HGT) was computed by summing all family-837 specific gene gains obtained from the edge leading to the tip. Among them, we identified 838 MGE associated genes that were recently acquired in each genome. We applied a similar 839 strategy to identify recent losses. 840 841 simulation, resp.). We applied the same approach (i) considering only gene pairs encoding 869 for MGEs (similar result as in Fig. 3 ), (ii) for sources (instead of phylogroups, Fig. 4 ).
871
Network of co-occurrence of gains (co-gains) of gene families across phylogroups.
872
All co-gains (see above) were split into all possible combinations of phylogroup pairs (21 873 combinations). To test if these co-gains are over-or under-represented between 874 phylogroups, we compared the observed number (O) between each phylogroup to the 875 expectation (E) given by 1,000 simulations with the same strategy as above. As before, we (Fig. 3f) . We applied the same approach considering only gene pairs 883 encoding for MGEs ( Supplementary Fig. 16 ). Fig. 11 ). These results reveal that such regions are sometimes split in assemblies. In 926 complete genomes, the cumulative size of the prophage-associated regions (X) is highly 927 correlated with the number of prophages (Y) present in the genomes (Y=1.2923362 + 928 1.6767.10 -5 X, R 2 =0.91, P<10 -4 , Supplementary Fig. 11 ). Hence, we used this linear equation 
935
The number (~16, max: 124) and size (~9 kb, max: 166 kb) of contigs predicted as plasmid 936 were highly variable ( Supplementary Fig. 12 ) in the Australian dataset. Their size is much 937 smaller than that of the average plasmid in complete genomes (~80 kb), reflecting the split of 938 plasmids across different contigs because of the presence of repeated sequences, e.g. IS
939
elements. Hence, we have not attempted to estimate the exact number of plasmids per 940 genome and focus our analysis on the number of genes predicted to be in plasmid contigs.
941
MGEs (Plasmids + Prophages): We found 11,864 gene families specifically related to 942 plasmid elements, 14,188 to prophage elements, and 2,599 shared by both (9% of the MGEs 943 gene families). In complete genomes, prophage and plasmids elements account for half of 944 the pan-genome, of which 1 third were singletons. The large fraction of singletons from 945 MGEs confirms that these elements are extremely diverse and evolved very rapidly, which 946 underlines the difficulty of accurately detecting them and probably leads to their under-947 estimation in draft genomes. Loci encoding conjugative or mobilizable elements were 948 detected with the CONJscan module of MacSyFinder 116 , using protein profiles and definitions 949 following a previous work 54,117 . 87% of conjugative systems and 75% of putative mobilizable elements were located on contigs predicted as plasmids by Plascope. Integrons were 951 identified using IntegronFinder v.1.5 with the -local_max option 57 . 186 integron-integrase (intI) 952 were detected with one quarter located at the edges of contigs. We only found one copy per 953 genome. They were often located on very short contigs (20 proteins on average), and five 954 make all the contigs. Most (86%) were located on contigs predicted as plasmid by Plascope, 955 the remaining were on unclassified contigs. Except for the latter, intI genes were always 956 located next to ARGs. IS elements were identified using ISfinder 56 . Only hits with an e-value 957 lower than 10 -10 , a minimum alignment coverage of 50% and with at least 70% identity were 958 selected, we extracted the IS name of the best hit. Therefore, we identified 47,592 genes 959 encoded for IS elements, among them 43% were located at the edges of contigs 960 (20,329/47,592). They represented 1,006 gene families (~1% of the pan-genome), of which 961 41% were singletons. Only 13% were multigenic protein families (i.e., with more than one 962 member in at least one genome). Among them, 9 protein families were found in more than 10 963 copies in at least one genome, i.e., ISEc1 (10 copies), IS1397 (11), ISSoEn2 (11), IS621 (11), 
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Antibiotic resistance genes (ARG) were detected using 2 curated databases of antibiotic 972 resistance protein: Resfinder v.3.1 118 and ARG-ANNOT v.3 119 . Therefore, we used BlastP 973 and selected the hits with an e-value lower than 10 -5 , with at least 90% of identity and a 974 minimum alignment coverage of 50%. We found a strong positive correlation between the 975 number of ARGs per genome using each database (pearson's r=0.97, P<10 -4 ). The main 976 difference is the additional detection of three ARGs by ARG-ANNOT, i.e., AmpC2, AmpH,
